The effects of fast neutron radiation damage on the performance of both Ge(Li) and Ge(HP) detectors have been studied during the past decade and will be summarized. A review of the interaction processes leading to the defect structures causing trapping will be made. The neutron energy dependence of observable damage effects will be considered in terms of interaction and defect production cross sections.
Introduction
One of the first areas of application for Ge(Li) spectrometers in the mid 1960's was in the gamma spectrometry involved with light ion nuclear reaction physics at low energy accelerators. Many studies in this area produced substantial fast neutron backgrounds, and it was soon and sadly discovered that the precious Ge(Li) detector was very soon adversely affected. The highly prized energy resolution was observed to greatly worsen over the course of an experiment. Several early empirical studiesl13 established the working levels for this problem. It was found that devices that were damaged could be repaired by various annealing recipes, and the problem of damage did not prevent the use of Ge(Li) detectors in potential damaging environments. Thus, germanium detectors continued to be used, damaged, and repaired with little more than empirical understanding and evaluation of the damage processes that had occurred.
The advent of high purity germanium in the early 1970's added another dimension to the potentiality for study of fast neutron damage in germanium, and several empirical studies were conducted on the damage processes in this material. Damage tolerances and effects were found not to be vastly different from Ge(Li) detectors, but the effects of temperature cycling (annealing) and changes in bulk conductivity could be studied conveniently and without the possibility that the interstitial Li ion played a role in damage or recovery.
Curiously, as some renewed interest in the problem of fast neutron damage has occurred,4,5 the incidence of damage to germanium detectors from many processes in nuclear physics research has dwindled as evidenced by fewer detectors being returned to manufacturers for repair.6 Along with perhaps less activity in light-ion physics, more germanium detectors are currently used in essentially nonexperimental, monitoring applications. However, even though the immediate need for improved repair capability (for example) from better basic understanding of the damage effects is somewhat lessened, the general problem of understanding the effects of fast neutron damage in germanium detectors remains and is inherently challenging.
As the problems of fast neutron damage were just being recognized, the general field of radiation damage in semiconductors was in a period of growth with frequent conferences and published proceedings.7 These contributions had little impact on the particular problem of germanium detectors for several reasons including the .-eluctance of the detector community to reach into the general damage literature. However, several other factors can be mentioned: (i) many studies were made with germanium at room temperature which is a very different problem from that of present concern, (ii) damage studies had tended to be carried out at much greater fluences than those found to affect germanium detectors, and (iii) many studies and research programs were directed around electron or gamma ray induced damage which produces isolated defects in contrast to the effects of fast neutron damage. (Even as the effects of ion implantation--which better approximate fast neutron damage--are now being studied, the fluences involved are far from being comparable.) Also, it can be remarked that, as always, considerably more effort has gone into silicon than germanium. Germanium detec t rs are extremely sensitive indicators of electronit effects of damage, and the very low fluences (n, 10°n/cm2) encountered are seldom of interest in the general damage literature.
The Experimental Background
The first purposeful study of fast neutron damage in germanium spectrometers was carried out by Kraner, Chasman, and Jones2 in which several small planar Ge(Li) detectors were exposed to 1.1, 5.75, and 16.5 MeV monoenergetic neutrons. Degraded energy resolutions were observed between 1 and 2 x 1010 n/cm2, and hole trapping was established as the cause. By way of introduction, Fig. (1) is the sort of effect on energy resolution that is to be expected. Figure ( 2) shows the preponderance of hole trapping in the detector irradiated at 5.75 MeV when 60Co y rays are collimated onto the edge near the n+ contact (hole traversal) compared to the edge near the contact (electron traversal). In addition, the spectra are sorted two-dimensionally with the far axis (y) being increasing pulse rise time which further delineates events in which carriers had to make a full traversal of the detector. It is clear that the case in which holes make the full detector traversal shows the greatest trapping. Although only several detectors were irradiated, the order of damage was found to be -:hat the detector irradiated with 16.5 MeV neutrons showed resolution degradation at the least fluence, followed by the 5. (c) As the irradiation proceeded in sequential fluence steps, the base (undepleted) material resistivity was found to increase significantly so that the device capacitance was forced to the geometrical value with no C(V)
variation.
Figure (3) shows the several C(V) characteristic of detector 1094-4 during the course of the neutron irradiation. The capacity was measured by inserting a pulser whose voltage was calibrated against a source to give a known charge on the preamplifier input in a dccoupled system.11 At biases below depletion, tht resistivity of the undepleted base material is usually so low that the base material capacity is shorted and does not appear in series with the depletion depth capacity. (In some high purity material, the base resistivity may not be completely negligible.) If damage forces the material resistivity to rise, the undepleted region appears as an RC parallel circuit in series with the depletion capacitance; the RC effect is shown in Fig. (4) as a greatly slowed component of the rise time on the pulser pulse. tolerance of two high purity coaxial detectors which were constructed with opposite nt p+ electrode structures. A detector having the conventional outer peripheral contact as n+ forces the holes to originate and travel a generally larger distance to the inner p+ contact than one with the outer electrode being p+ and the inner n+. As expected, the configuration with the outer p+ contact permitted the very trap sensitive holes to be directly collected and was found to maintain workable energy resolution (e.g. 3 keV) to fluences greater by a factor of X' 30 than the inverse configuration. These effects are shown in Fit. (5) . This factor was to some extent predictedl4-l and fulfills early predictions that the effects of hole trapping can be minimized.
In this same vein, Martini17 has noted that high purity coaxial detectors made from portions of ingots which are found to trap holes and which have regions that are n-type (as well as portions which are p-type) produce acceptable energy resolution when made in the outer p+, n-type configuration. The p-type portions of the ingot which are structured in the usual outer n+ electrode ponfiguration show obvious hole trapping and result in t 3 keV 60Co resolutions whereas the n-type portions with the outer p+ electrode give detectors with commercially acceptable 1.85 keV 60Co gamma ray resolutions.
Planar detectors made from several high purity germanium ingots having vastly different chemical impurities were irradiated by Hubbard and Haller.5 The fluence of PuBe neutrons required to degrade energy resolution to 3 keV was found to be X' 3 x 1010 n/cm2 for small planar detectors made from ingots having individually substantial concentrations of H2, 02
and Si. Careful attention was given to measuring the detector response at identical internal fields (1000 V/cm being optimum) which may have been an important factor in the "threshold" fluence variability'of the several detectors not fully appreciated or considered in earlier work.10
Darken et al.4 have produced the most comprehensive consideration of the electrical nature of fast neutron induced defects to this date. In order to explain the resolution transients observed after the irradiation of the p and n-type coaxial detectors described by Pehl et al. a complete analysis of the charge states of both disordered regions and isolated defects was undertaken. These resolution transients have also been considered in detail by Hubbard and Haller5. The case for both large disordered regions and isolated defects (which are also possible and probable) for fast neutron damage was considered with the conclusion that each may play a role. Figure (6) shows the effect that forced a more thorough investigation of the charge states of damage induced defects. After the irradiation to 7 x 109 n/cm2 unmoderated 252 Cf described in Ref. 13 the p-type coax, P382, reached a resolution of "X 44 keV. The n-type detector, N328, was only degraded to IX 4 keV following 1 x 1010 n/cm2 at the same source. The bias was switched off for a period and returned to each detector. P382 was found to directly improve to X' 4 keV and proceeded to degrade back to the steady state value of X~44 keV. The n-type coax improved from 17 keV to its post irradiation value over the same period. The source itself was found to play a role in providing holes to neutralize the trapping centers of the n-type detector as the transient improvement was very slightly noticed over 16 hours without the source being present and greatly speeded by a source at close range. No source effect was noted in the transient effect of the p-type detector. The improvement of the n-type coax can be directly interpreted by the neutralization of the charge on the large disordered regions which would be expected to remain charged (p-type) within the n-type matrix without bias in the undepleted material. Consideration of the hole current densities and cross section yields a calculated time constant of 35 min compared with X 70 min observed which may be considered good agreement. The hole trapping cross section must, however, be reduced by about an order of magnitude to , 10-10 cm2 or somewhat less. The transient in the p-type coax must be explained by the effective hole trap becoming neutralized in the undepleted zero bias condition (a p-type defect in p-type material) and having a sufficiently large detrapping probability to achieve a negatively chargedequilibrium condition This expression can be derived by considering the forces on a charge moving in the field E past a fixed charge Q. If E is 2 kV/cm, rf is X 4 x 10-5 cm giving a cross section of X, 6 x 10-9 cm2 which is much larger than the disordered region itself and rather greater than that required to produce the AE = AO 10-2 effect E Q commonly observed for resolution degradation. As noted, the interpretation of the transient response requires a somewhat smaller cross section. This "size" of disordered region is, however, large enough to explain the reduced conductivity of the undepleted region which causes the lessened voltage dependence of the device C(V) function, especially considering its possible l/E field dependence. This study most convincingly poses the question whether observable neutron damage is caused by isolated defects or the charge on large disordered regions; it may be both. Transient effects similar to those from the p-type coax have been observed but not studied in detail in damaged Ge(Li) coaxial detectors.19
Before summarizing the observations of fast neutron damage in germanium detectors, it may be helpful to consider several contributions from the literature on damage particularly as they pertain to an understanding of annealing. The concept of large disordered regions produced by effective short ranged recoils from fast neutrons is well established and was very early appreciated by Crawford and Cleland20 and Gossick 1 who modeled the long-ranged effect. Their consideration of the disordered regions effect on carrier mobility based on a volume fraction (f) rather than extended, field dependent cross section may not be applicable to the high puirity GE low fluence situation of immediate interest. The existence of the large disordered regions is undisputed, having been seen by electron microscopy22 and very directly inferred by several other effects including material length changes?3-25 Figure (7) (8) shows this band as it develops following -50°C irradiation and annealing. Figure (9) follows the band concentration for both fast neutron and electron radiation from the low temperature irradiation through anneals at increasing temperatures.
Following 4 x 1014 n/cm2 at -50°C (2200 K), there is little intensity in the 620 cm-1 band shown in Fig. (8) .
The clustered damage regions are sufficiently stable to not anneal at that temperature (the vacancy must move to find an interstitial oxygen). Comparing the intensities of the 620 cml band in Fig. (9) Nearing room temperature, vacancies are found to be "expelled" by the damaged region, forming isolated defect complexes indicating that the clusters do dissolve at relatively low temperatures. Further annealing of all of the defects is apparently proven at or below 400-500 K in essential agreement with the experience of detector fabricators. Proton induced damage yielding smaller clusters or isolated defects anneals at a somewhat lower temperature-time schedule.
(7) The effect of the fast neutron energy spectrum on observable energy resolution degradation is not clear because few consistent data exist, and certainly more study is required. Fluences of higher energy neutrons (e.g., 16 MeV) are somewhat more effective than lower energy neutrons, but the factor which should be derived from measurements on identical detectors (or a single detector) is not well established. Further comments will be reserved for the conclusion of the last section which deals with defect production vs. neutron energy.
Energy Deposition by Fast Neutrons in Germanium
It is of interest to calculate in some detail the average energy transferred to a primary knock-on atom (PKA) and that portion which is available to cause displacements (vacancy interstitial pairs) in the germanium lattice for several relevant neutron energies. This calculation is commonplace and very sophisticated for silicon32'33 and other important materials such as stainless steel34-3 but apparently not available for germanium (except for37). It may not be clear ho;
to relate the number of displacements per neutron to observable detector degradation, but adequate nuclear data exist so that a good start towards the understanding of the distribution of displacements within the germanium lattice can be made.
Germanium consists of five isotopes: 70Ge (20.5 3%), 72Ge (27. 3 + 3%), 73Ge (7.8%), Ge (36.5 + 3%), ar.: 6Ge (7.8%) which must all be considered. Some inspection of the cross sections indicated, however, that the two minor isotopes, 73Ge and 76Ge, generally followed the others, so for convenience they were omitted in the detailed calculation with 70, 72, and 74 Ge considered to be the total.
The total cross section for natural germanium in the region of 5 MeV is 'X' 4 b which yields a mean free path, 1/NaT, of 5.6 cm. It is therefore appropriate to consider only single collisions per neutron for detectors of slightly lesser dimension.
The maximum energy which can be transferred in an elastic collision between an incident particle of mass Ml, and energy Eo, and a struck particle of mass M2 The energy transferred to the recoil particle as a function of lab angle e is just ER(e) = (l-K(e))E0 (5) where k(8) is the kinematic scattering factor, (familiar from Rutherford Backscattering) the fraction of energy retained by the incident particle.
Inelastic scattering can also occur in which the recoil nucleus is left in an excited state by the nuclear collision. The kinetic energy of the recoil is thus reduced by the energy of the excited level of the resultant nuclear state after the collision. Because many excited levels may participate in the interaction, the evaluation of the average recoil energy must include a summation over many participating low lying nuclear energy levels. This summation and subsequent weighting must be carried out for each of the three isotopes 70, 72, and 74. It is acknowledged38 that inelastic scattering is most probably isotropic and at worst results in equal probabilities for equivalent forward and back angles so that the average energy transferred to the recoils, again, one half of the maximum. The evaluation of the average recoil energy is, therefore 3 ER(inel) = O-{ i lj(ZO(Ei)ERi)} (7) j=l i
where ERi = a (Eo -Ei)
and Ei is the energy of the ith nuclear excited state, a(Ei) is the total cross section to excite that le7yl. fj is the relative atomic fraction for each of Ge, 72Ge, and 74Ge. Early work on detector damage2
apparently underestimated the importance of inelastic scattering as has been the case for silicon.39
As the integrals and summations emerge, one must add one more physical ingredient, the division between recoil energy which goes into ionizing collisions (electronic excitation) and collisions which cause displacements or "nuclear" collisions. Bohr40 first separated these two basic types of collisions in the slowing down process. Lindhard and associates followed with a series of calculations and demonstrations of the stopping powers for each of these collisions.41
Without going into detail, Fig. (11) 
The differential elastic scattering cross section above may also be summed over that of each of the three major Ge isotopes or simply averaged if they are similar.
The values for the elastic and inelastic cross sections to be used in Eq. (8) 
Thus the average number of displacements, v, is v = ED/2E. It should be noted that in the Kinchin-Pease description and other earlier works, v is really E /2E and was assumed to be valid up to a PKA energy of 'Ei", a cutoff energy, above which all the energy loss by the PKA goes into ionization. These models were used prior to the comprehensive treatment of energy partition be-41 tween ionizing and atomic collisions given by Lindhard. The Lindhard theory has been used here to give directly the energy available to atomic collisions, ED, so that no upper limit should be expected. This approach has been termed the Lindhard model34 in the radiation damage literature which supports the results shown in Table I .
Before characterizing the defects introduced by ED in Table I , it may be instructive to list the average recoil energy at each neutron energy and the range of a PKA. Table II From Table II we find there are a large number of displacements caused over the range of the recoil, which will in some way coalesce to form highly disordered region(s) or cluster(s) that are the accepted result of the PKA. The ultimate effect on energy resolution of germanium detectors will depend on the hole trapping caused by either (or in portion, both) isolated defects from the cascade of the physical extent and charge on the larger cluster which will more stably result from this closely spaced deluge of vacancy interstitials. Table II illustrates two extremes for the damage dependence on neutron energy. First, if the trapping cross section were not greatly dependent on disordered region charge, the density of the "cylinder" containing the cascade of vacancy interstitial pairs might be a dominant parameter; very little energy dependence on the hole trap production might result as suggested by the last column, v/iR. If, however, the "size" (e.g. the R) or the number of defects per neutron is the dominant parameter, a neutron energy dependence of approximately a factor of about 5 is expected between 4 2 and 16 MeV as shown in the fourth column. As Darken argues, the steady state charge Qss per disordered region is certainly a most important parameter in the trapping cross section for large disordered regions and must be given great weight. Noting the nearly constant defect density for each energy, one might expect a nearly constant recombination rate for each case and therefore a steady state charge nearly proportional to the number of defects in the disordered region. Therefore the fourth column of Table II probably better indicates the energy dependence for fast neutron damage. Figure (13 ) is included to show the best data that may exist (but which is admittedly rather selective) for detectors chosen for higher attainable fields from the study of 1974.10 At the J keV level, the 16 MeV detector had received 1.5 x I0 n/cm , the 5.5 MeV detectors X 6 x 109 n/cm2. The range of fluences is not far from the range suggested in Table  II . Certainly the energy dependence of observable damage is a study that should be made in much greater detail.
To give a final perspective on the nature of the nature of the displacement cascade several results of Avilov and Lenchenko49'50 are presented. Figure (14) shows a Monte Carlo calculation presumably projected on two dimensions of the vacancy interstitial distributions of PKA's of 30 and 50 keV. Happily, the ranges shown graphically agree with those of Table II. It was noted9that the channeling acceptance angle is proportional to 1/E and therefore channeling may play a role. Figure (15) shows the same calculation with channeling, and we note a means to create a distribution of smaller clusters.
Guided by Fig. (13) , the volume affected by a PKA might be XV w(50R) , R which is the home of 7.7 x 104, 
